How Massive are Massive Compact Galaxies? by Muzzin, Adam et al.
ar
X
iv
:0
90
9.
51
82
v1
  [
as
tro
-p
h.G
A]
  2
8 S
ep
 20
09
Draft version June 10, 2018
Preprint typeset using LATEX style emulateapj v. 08/22/09
HOW MASSIVE ARE MASSIVE COMPACT GALAXIES?
Adam Muzzin1, Pieter van Dokkum1, Marijn Franx2, Danilo Marchesini13, Mariska Kriek4 & Ivo Labbe´5
Draft version June 10, 2018
ABSTRACT
Using a sample of nine massive compact galaxies at z ∼ 2.3 with rest-frame optical spectroscopy
and comprehensive U → 8µm photometry we investigate how assumptions in SED modeling change
the stellar mass estimates of these galaxies, and how this affects our interpretation of their size
evolution. The SEDs are fit to τ -models with a range of metallicities, dust laws, as well as different
stellar population synthesis codes. These models indicate masses equal to, or slightly smaller than our
default masses. The maximum difference is 0.16 dex for each parameter considered, and only 0.18 dex
for the most extreme combination of parameters. Two-component populations with a maximally old
stellar population superposed with a young component provide reasonable fits to these SEDs using
the models of Bruzual & Charlot (2003); however, using models with updated treatment of TP-AGB
stars the fits are poorer. The two-component models predict masses that are 0.08 to 0.22 dex larger
than the τ -models. We also test the effect of a bottom-light IMF and find that it would reduce the
masses of these galaxies by 0.3 dex. Considering the range of allowable masses from the τ -models,
two-component fits, and IMF, we conclude that on average these galaxies lie below the mass-size
relation of galaxies in the local universe by a factor of 3-9, depending on the SED models used.
Subject headings: infrared: galaxies − galaxies: fundamental parameters − galaxies: evolution −
galaxies: stellar content − galaxies: high-redshift
1. INTRODUCTION
Numerous observational studies have shown that the
population of massive galaxies at z ∼ 1.5 - 2.5 is signifi-
cantly more compact than local galaxies of similar mass
(e.g., Daddi et al. 2005; Trujillo et al. 2006, Zirm et al.
2007; Toft et al. 2007, Longhetti et al. 2007, Cimatti et
al. 2008, Damjanov et al. 2008, van Dokkum et al. 2008,
Franx et al. 2008, Buitrago et al. 2008, van der Wel et
al. 2008, Saracco et al. 2009, Taylor et al. 2009). Simple
arguments based on the light profiles of these compact
galaxies (e.g., Bezanson et al. 2009, Hopkins et al. 2009),
as well as the evolution of their space density (e.g., van
der Wel et al. 2009, Saracco et al. 2009) suggest that
these galaxies may be the progenitors of local early-type
galaxies being assembled from the inside out, and these
arguments are supported by recent numerical simulations
(e.g., Naab et al. 2009).
Thus far, little effort has been focused on how well-
determined the stellar masses (Mstar) of these galaxies
are. Indeed, claims about the total size growth of the
galaxies, as well as explanations for the method of size
growth based on their space density require us to as-
sociate these galaxies to local galaxies of a particular
mass. It is well known that there can be serious system-
atic effects in photometrically-determined Mstar’s caused
by assumptions about metallicity, the galactic extinc-
tion law, or the method of stellar population synthe-
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sis (e.g., Maraston et al. 2006, Conroy et al. 2008a;
2008b, Marchesini et al. 2009, Longhetti & Saracco
2009, Muzzin et al. 2009). Furthermore, most models
of high-z galaxies assume only simple star formation his-
tories (SFH; usually parameterized by an exponentially-
decreasing SFR with timescale τ). As suggested by ear-
lier authors (e.g., van Dokkum et al. 2008, Hopkins et al.
2009, La Barbera & De Carvalho 2009), if the compact
galaxies have multi-age stellar populations with different
spatial distributions, this may complicate our interpreta-
tion of their evolution. In this letter we investigate how
robust the Mstar of z ∼ 2.3 compact galaxies are, and
how the uncertainties on these masses affect our inter-
pretation of their size evolution.
2. DATA & SED FITTING METHOD
Our sample of galaxies consists of the nine compact
galaxies with strongly suppressed star formation pre-
sented in Kriek et al. (2006; 2008). The relatively low
star formation rates of these galaxies have been recently
reconfirmed both by ultradeep spectroscopy (Kriek et al.
2009), and SED modeling that includes the rest-frame
NIR (Muzzin et al. 2009). These galaxies have effec-
tive radii (Re) of ∼ 1 kpc as measured from NICMOS
HF160W -band imaging by van Dokkum et al. (2008). The
combination of accurate Re’s from space-based imaging,
as well as the spectroscopic redshifts and well-sampled
SEDs make this the best sample for testing the effect of
assumptions in SED modeling of Mstar on the inferred
size evolution of massive galaxies.
For these galaxies we adopt two methods for fitting
the SEDs. In order to test the effects of metallicity,
dust law, and SPS code on the Mstar we fit the galaxies
to models with exponentially declining SFHs, hereafter
“τ -models”. In these models τ , age, and Av are fit as
free parameters. The SED fitting is performed using a
〈χ2〉-minimization routine and the errors in Mstar are de-
2Fig. 1.— Left panels: Plots of effective radius (Re) vs. stellar mass (Mstar) for various assumptions in the SED modeling. Local galaxies
from the SDSS are plotted as contours ranging between 5 galaxies (lightest) to 1000 galaxies (darkest). The default model for the compact
galaxies are plotted as large black circles, with variations denoted in the legend. The average mass for each model is shown as an arrow at
the top of the panel. The effects of SED modeling assumptions on the Mstar of the galaxies is less than 0.30 dex for all tested assumptions
showing that size growth at fixed mass of a factor of 3-9 is a robust result from these data. Right Panels: Mean SEDs for the galaxies with
the best fits overplotted. The 〈χ2r〉 are similar for all fits, which shows that assumptions in the SED modeling such as SPS code, metallicity,
dust law, or two-components cannot be fit as free parameters, even with these well-constrained SEDs.
3termined using Monte Carlo simulations. Details of the
SED fitting procedure and parameter error estimation
are described in Muzzin et al. (2009). In attempt to iso-
late variables we adopt the models of Bruzual & Charlot
(2003; BC03) with solar metallicity, the Calzetti et al.
(2000) dust law, and a Chabrier (2003) IMF as the con-
trol model. This combination of models and parameters
has been used extensively in previous studies of compact
galaxies, and was the default model for the van Dokkum
et al. (2008) study, making it the obvious choice for a
control model. We compare the Mstar from the control
model to those determined with the dust law from the
SMC (Pre´vot et al. 1984) and Milky Way (Fitzpatrick
et al. 1986), a subsolar (0.2Z⊙) and supersolar (2.5Z⊙)
metallicity, as well as Mstar from the SPS codes of Maras-
ton (2005; hereafter M05), and Charlot & Bruzual (in
preparation, hereafter CB07).
We also test the effects of a two-component stellar pop-
ulation on the Mstar of the galaxies. The SEDs are fit
with a linear combination of a “young” and “old” compo-
nent. The young component has τ , age, and Av as free
parameters, but age restricted to < 0.5 Gyr. The old
component is a maximally old stellar population with no
dust, and therefore has no free parameters. We perform
the fitting three times, varying the amplitude of the old
component between 10, 20, or 30% of the total observed
HF160W -band light. We note this does not define the full
range of Mstar that could be allowed from two-component
models; however, the primary purpose of fitting these
models is to explore the possibility of components with
very different M/L ratios that could plausibly explain the
sizes of the compact galaxies using age gradients.
3. EFFECTS OF ASSUMPTIONS IN SED MODELING
In the left panels of Figure 1 we show the effects of
the different assumptions in the SED modeling on the
Mstar of the compact galaxies by comparing their loca-
tion in the Re vs. Mstar plane to galaxies from the SDSS
(adapted from Kauffman et al. 2003; Franx et al. 2008).
In the right panels we show the mean observed SED of
the entire sample as well as the mean fit. The 〈χ2
r
〉 of all
fits are similar demonstrating that even with these high
quality SEDs it is not possible to fit SPS code, metallic-
ity, dust law, or multiple components as free parameters.
Compared to the BC03 control model, the masses from
the SPS codes of M05 and CB07 are systematically lower
by 0.13 dex. Assuming a subsolar or supersolar metallic-
ity systematically reduces the 〈Mstar〉 by 0.10 and 0.16
dex compared to their control values, respectively. The
Milky Way dust law reduces the 〈Mstar〉 by 0.03 dex,
whereas the SMC dust law increases it by 0.06 dex. Fig-
ure 1 shows that although all the SED modeling as-
sumptions cause systematic differences in the Mstar of
the galaxies, none of them are large enough to change
the fact that the galaxies are significantly more compact
than local galaxies of similar mass. In fact, even if we
combine the most extreme assumptions in the SED mod-
eling, e.g., the M05 models with supersolar metallicity,
and the Milky Way dust law, the mean Mstar is only 0.18
dex lower than the default modeling assumptions.
The bottom panel of Figure 1 shows the effect of the
two-component models on Mstar. Adding an old stellar
component to the modeling increases the overall Mstar
by 0.08 to 0.22 dex. Interestingly, two-component fits
from the models of BC03 have a better 〈χ2
r
〉 than from
the M05 and CB07 models. In the left panel of Figure
2 we plot two-component fits using all three SPS codes.
In the right panel we plot the average old and young
components of the fits using the BC03 models. Two-
component fits from M05 and CB07 models are prob-
ably poorer descriptions of the data because of the in-
creased contributions from the TP-AGB stars in those
models. These stars contribute significantly to the rest-
frame NIR flux in young populations (0.2 - 2 Gyr), and
therefore, in these models the SED of both the young
and old component have significant flux in the rest-frame
NIR, and their linear combination cannot reproduce the
overall SED shape. This suggests that models that ex-
plain the dramatic size evolution of these galaxies using
age gradients in local galaxies (e.g., La Barbera & De
Carvalho 2009) are unlikely to be compatible with our
observed SEDs if interpreted with the M05 and CB07
models.
4. IMPLICATIONS FOR THE SIZE GROWTH OF MASSIVE
GALAXIES
For the single-component τ -models, it is clear that
changes in the SED modeling assumptions produce Mstar
values that are typically smaller on average than the de-
fault model. In particular, if we believe the newer SPS
models of M05 and CB07 provide more accurate masses
than the BC03 models, then it has two implications for
the method of size growth for these galaxies.
First, assuming our sample of galaxies increase in Mstar
by a factor of & 2 from z ∼ 2.3 to z = 0, then to match
the sizes of local galaxies they would have to increase in
size by a factor of & 5 using the default model, and a fac-
tor of & 4 for the newer SPS models. Recent numerical
simulations show size growth of a factor of ∼ 3, with an
Mstar increase of a factor of ∼ 2 since z = 2 (e.g., Naab et
al. 2009), and therefore are in modestly better agreement
with the size-mass relation from the newer SPS models.
Second, the lower Mstar from the M05 and CB07 models
also allow for more simultaneous mass and size growth in
the galaxies. Bezanson et al. (2009) argued that given
the Mstar and number density of the z ∼ 2.3 galaxies,
minor mergers are the best candidate for increasing the
size of these galaxies because they increase the size faster
than the Mstar. If the compact galaxies have an 〈Mstar〉
that is 0.13 dex lower, the mass and number density ar-
gument still favors minor merging as the best candidate
for size growth; however, it would permit some fraction
of the population to grow in size from major mergers.
Recently, Mancini et al. (2009) claimed that using the
newer SPS models would reduce the offset of our galaxies
from the local relation by a factor of ∼ 3, and inferred
that this could significantly alter our interpretation of
their size evolution. Our modeling shows that this offset
is only a factor of ∼ 1.2, and hence does not signifi-
cantly alter the compact galaxy “problem”. Mancini et
al. (2009) also claimed that with the newer masses and a
25% systematic underestimate in sizes that some of the
galaxies in our sample may follow the local relation; how-
ever, Figure 1 shows that this is not the case, and that
even the galaxies that lie closest to the local relation are
still a factor of & 2 off the relation.
If the two-component models provide the correct
masses, they suggest very different scenarios for size
4Fig. 2.— Left Panel: Mean SED for the compact galaxies with the best-fit two-component model from the various SPS codes superposed.
The two-component model has 20% of the observed HF160W -band light in an old component. The BC03 model provides a good fit to
the data, but the fits with the M05 and CB07 models are poorer, suggesting that they are less compatible with a two-component stellar
population for these galaxies. Right Panel: Breakdown of the BC03 SED in the left panel into the old and young components.
growth. Assuming the spatial distribution of the old and
young components is identical, then the size growth at
fixed mass would be significantly larger than previous
estimates, a factor of ∼ 9. Furthermore, these galaxies
would be roughly as massive as the most massive galax-
ies in the local sample, which means that the size growth
would have to be extremely efficient, resembling a pure
expansion model.
Such efficient size growth may not be required if the
old component is significantly more extended than the
young component. If so, the mass-weighted size of the
galaxies could be much larger than its light-weighted size.
In our SED fits the old component of these galaxies con-
tain 10-30% of the total light (by construction), yet it
contains 50-80% of the total stellar mass. Indeed, we
cannot rule out the possibility that if the old component
has an Re of ∼ 10 kpc and 50-80% of the mass, that
we may be looking at fully formed early-type galaxies
with compact, centrally concentrated poststarburst com-
ponent in the center. However, local early-type galaxies
tend to have only modest color gradients, most of which
can be attributed to metallicity (see e.g., Franx & Illing-
worth 1990, Sanchez-Blazquez et al. 2007, Kormendy
et al. 2009). These color gradients imply that galax-
ies have decreasing mass-to-light ratios with radius, and
are therefore more compact in mass than in light, not
the converse. It is possible that a combination of merg-
ers and low-level star formation could mix the composite
populations and create the locally-observed color gradi-
ents; however, with the two-component SED modeling
the z ∼ 2.3 galaxies are already as massive as the most
massive local galaxies, leaving little room for structural
changes caused by processes that require additional mass
growth.
5. IMF OR AGN?
Another effect that could account for the extreme Re-
Mstar relation of the distant galaxies is an IMF that be-
comes increasingly bottom-light at higher redshift. Such
an IMF has been suggested for high redshift early-type
galaxies (van Dokkum 2008). If we fit our galaxies using
the M05 models and the van Dokkum (2008) bottom-
light IMF we find that the 〈Mstar〉 is lower by 0.30 dex.
However, even with masses this low, these galaxies would
still be a factor of ∼ 3 smaller in size than local galaxies
of similar mass.
It is also worth noting that none of the compact galax-
ies show an observed 8µm excess (rest-frame ∼3µm)
above the best-fit SED template. These excesses are not
uncommon in high redshift galaxies (e.g., Labbe´ et al.
2005; Donley et al. 2008, Mentuch et al. 2009, Muzzin
et al. 2009) and could be caused by an AGN. Combined
with the fact that none of the galaxies show emission
lines, it suggests that the size measurements of these
galaxies are not contaminated by an unresolved point
source (see also Kriek et al. 2009).
6. DISCUSSION
Overall, our modeling shows that despite the numerous
systematic uncertainties involved in determining photo-
metric Mstar’s, the most extreme masses of the z ∼ 2.3
compact galaxies are 0.18 dex different from our nomi-
nal estimates using a normal IMF, and 0.30 dex differ-
ent using a bottom-light IMF. From this, we conclude
that on average these galaxies lie a factor of ∼ 3 - 9 be-
low this size-mass relation of local galaxies, depending on
the SED models used. This range could be slightly larger
because our comparisons have been made to the default
SDSS model. Although using different SPS models is
unlikely to affect the Mstar of the SDSS galaxies because
at old ages the BC03 and M05 models produce similar
masses (e.g., M05), and the dust content of the massive
SDSS galaxies should be negligible, there could be small
systematic offsets between the SDSS Mstar and our Mstar
because of technical issues such as fiber aperture correc-
tions, or the method of measuring total magnitudes. We
note that other systematic effects may play a role. In
particular, there may be systematic differences in the
measurement of effective radii between the high and low
redshift samples. van Dokkum et al. (2008), van der Wel
et al. (2008), and Hopkins et al. (2009) show that biases
due to surface brightness effects are probably small, but
deeper data at high redshift would obviously be helpful.
The low redshift data also have significant uncertainties:
interestingly, Guo et al. (2009) find that the sizes of the
most luminous galaxies in the SDSS NYU-VAGC (Blan-
5ton et al. 2005) are likely underestimated, which would
imply somewhat stronger evolution than the factor 3-9
that we find here.
With our data we still cannot rule out age (and hence
M/L) gradients in these galaxies, which could bias the
size measurements of these galaxies; however, such two-
component models are disfavored by our data using the
most recent SPS codes. A two-component model is still
compatible with our SEDs when using the BC03 models,
therefore measuring color gradients in these galaxies out
to large radii will be valuable for understanding if the
luminosity-weighted sizes of these galaxies are compara-
ble to their mass-weighted sizes.
Although the range of allowed photometric-Mstar is
only a few tenths of a dex, it is large enough that we
advise caution when using the number density of galax-
ies larger than a given mass to identify the descendants of
these galaxies at various redshifts. These galaxies sit on
the exponential tail of the mass function (e.g., Marchesini
et al. 2009) and therefore small, systematic differences
in their photometric-Mstar like those shown here could
result in significant errors in their space density. Ulti-
mately, dynamical measurements are needed to calibrate
photometric-Mstar’s at high redshift. Early results sug-
gest the agreement between the two is reasonable (e.g.,
van Dokkum et al. 2009, Cappellari et al. 2009); how-
ever, it will be very important to extend these to large
samples with a range of properties.
We thank Claudia Maraston for providing the bottom-
light IMF model, and S. Charlot for providing the unpub-
lished CB07 stellar population synthesis models. AM
gratefully acknowledges financial support for this work
from an NSERC PDF fellowship. The authors acknowl-
edge support from NSF CAREER AST9449678, and
Spitzer/JPL grants RSA 1277255, 1282692, and 1288440.
REFERENCES
Bezanson, R., van Dokkum, P. G., Tomer, T., Marchesini, D.,
Kriek, M., Franx, M., Coppi, P. 2009, ApJ, 1290
Blanton, M., et al. 2005, AJ, 129, 2562
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Buitrago, F., Trujillo, I., Conselice, C. J., Bouwens, R. J.,
Dickinson, M., Yan, H. 2008, ApJ, 687, L61
Calzetti, D., Armus, L., Bohlin, R. C., Kinney, A. L., Koornneef,
J., & Storchi-Bergmann, T. 2000, ApJ, 533, 682
Cappellari, M. et al. 2009, ApJL, 704, L34
Chabrier, G. 2003, PASP, 115, 763
Cimatti, A., et al. 2008, A&A, 482, 21
Conroy, C., Gunn, J. E., & White, M. 2009a, ApJ, 699, 486
Conroy, C., White, M., & Gunn, J. E., 2009b, arXiv:0904.0002
Daddi, E., et al. 2005, ApJ, 626, 680
Danjanov, I. et al. 2009, 695, 101
Donley, J. L., Rieke, G. H., Pe´rez-Gonza´lez, P. G., Rigby, J. R.,
& Alonso-Herrero, A. 2007, ApJ, 660, 167
Fitzpatrick, E. L. 1986, AJ, 92, 1068
Franx, M., van Dokkum, P. G., Foro¨rster-Schreiber, N. M.,
Wuyts, S., Labbe´, I., Toft, S. 2008, ApJ, 688, 770
Franx, M., & Illingworth, G. 1990, ApJL, 349, L41
Guo, Y., et al. 2009, MNRAS, 398, 1129
Hopkins., P., Bundy, K., Murray, N., Quataert, E., Lauer, T., Ma,
C.-P. 2009, MNRAS, 398, 898
Kauffmann, G., et al. 2003, MNRAS, 341, 33
Kriek, M., van Dokkum, P. G., Labbe´, I., Franx, M., Illingworth,
G. D., Marchesini, D., & Quadri, R. 2009, ApJ, 700, 221
Kriek, M., et al. 2008, ApJ, 677, 219
Kriek, M., et al. 2006, ApJ, 645, 44
La Barbera, F., & de Carvalho, R. R. 2009, 699, L76
Labbe´, I., et al. 2005, ApJ, 624, L81
Longhetti, M., & Saracco, P. 2009, MNRAS, 394, 774
Longhetti, M. et al. 2007, MNRAS, 374, 614
Mancini, C., et al. 2009, arXiv:0909.3088
Maraston, C., et al. 2006, ApJ, 652, 85
Maraston, C. 2005, MNRAS, 362, 799
Marchesini, D., van Dokkum, P. G., Fo¨rster Schreiber, N. M.,
Franx, M., Labbe´, I., Wuyts, S. 2009, ApJ, 701, 1765
Mentuch, E., et al. 2009, arXiv:0905.0910
Muzzin, A., Marchesini, D., van Dokkum, P. G., Labbe´, I., Kriek,
M., & Franx, M. 2009, ApJ, 701, 1839
Naab, T., Johansson, P. H., Ostriker, J. P. 2009, ApJL, 699, L178
Prevot, M. L., Lequeux, J., Prevot, L., Maurice, E., &
Rocca-Volmerange, B. 1984, A&A, 132, 389
Saracco, P., Longhetti, A., Andreon, S. 2009, MNRAS, 392, 718
Toft, S. et al. 2007, ApJ, 671, 285
Trujillo, I. et al. 2006, MNRAS, 373, L36
van der Wel, A., Bell, E. F., van den Bosch, F. C., Gallazzi, A.,
Rix, H.-W. 2009, ApJ, 698, 1232
van der Wel, A., Holder, B. P., Zirm, A. W., Franx, M., Rettura,
A., Illingworth, G., Ford, H. 2008, ApJ, 688, 48
van Dokkum, P. G., Kriek, M., & Franx, M. 2009, Nature, 460,
717
van Dokkum, P. G. 2008, ApJ, 674, 29
van Dokkum, P. G., et al. 2008, ApJ, 677, L5
Zirm, A. W., et al. 2007, ApJ, 656, 66
